1 synchrony via direct modulation of 2 gap junctions in the crustacean 3 cardiac ganglion Abstract The Large Cell (LC) motor neurons of the crab (C. borealis) cardiac ganglion have 9
Introduction
modulation that ensure robust network output (Städele et al., 2015) . Yet these questions have 40 never been addressed in a network that relies on synchronous activity for appropriate physiological 41 output. 42 The crustacean cardiac ganglion (CG) is a central pattern generator network that produces 43 rhythmic bursts with precisely synchronized activity across all five Large Cell (LC) motor neurons 44 (Lane et al., 2016) , constituent LCs are variable in many ionic conductances, including A-type K+ (IA), 45 high-threshold K+ (IHTK), and voltage-dependent Ca2+ (ICa) (Ransdell et al., 2013a,b; Lane et al. , 46 2016). When subsets of K+ conductances are blocked in LCs of a network, synchrony is disrupted, 47 although ultimately is restored by a combination compensatory changes in membrane conductance 48 and electrical synaptic strength (Lane et al., 2016) . As the CG is modulated by many substances, 49 including neuropeptides and the biogenic amines serotonin and dopamine (Cooke, 2002; Cruz-50 Bermudez and Marder, 2007) that are known to target the same K+ conductances that lead to 51 desynchronization when altered (Kloppenburg et al., 1999; Peck et al., 2001; Johnson et al., 2003; 52 Gruhn et al., 2005) , then one potentially detrimental impact of neuromodulation is the resulting 53 loss of LC synchrony. Given that hormonal modulators in the hemolymph will bathe LCs uniformly, 54 this study addresses whether the CG is tuned to maintain stable synchrony during neuromodulation 55 or if altering a subset of cellular conductances with neuromodulation will desynchronize network 56 activity. 57 We hypothesized that neuromodulation will desynchronize LC activity owing to the variable 58 conductances across LCs. We tested this hypothesis by exposing the CG to two amine modulators, 59 serotonin (5HT) and dopamine (DA), and measuring the effects of the modulators on excitability and 60 synchrony individually and in conjunction. We found serotonergic modulation desynchronizes LC 61 voltage waveforms, and in most networks elicited prolonged pacemaker bursts driving two distinct 62 bursts in LCs before the cycle was reset. In contrast, DA had an overall excitatory effect on LCs, but 63 neither desynchronized LC activity nor elicited the burst doublets seen in 5HT. When co-applied, DA 64 prevented the 5HT-induced desynchronization without preventing the 5HT output in the form of 65 characteristic burst doublets. Even with IHTK reduced by TEA application -a known perturbation 66 that leads to substantial loss of synchrony across LCs (Lane et al., 2016) -co-application of DA with 67 TEA prevented desynchronization. Our results suggest that DA preserves network synchrony by 68 directly targeting and increasing electrical synaptic conductance. Thus DA may function to maintain 69 robust synchrony in the cardiac network while still being permissive to plasticity of output caused 70 by other modulators. 71 Results 72 5HT and DA have distinct excitatory effects when applied to the entire network 73 Both 5HT (10 -6 M) and DA (10 -5 M) are excitatory when applied to the entire CG of C. borealis 74 (Cruz-Bermudez and Marder, 2007) , and our results recapitulate this same effect ( Figure 2 ). 5HT 75 significantly increased pacemaker burst duration and in 6 out of 8 experiments switched the 76 network to a distinct output consisting of a single prolonged pacemaker burst driving two distinct 77 LC bursts ( Figure 2A ). Changes in network output in 5HT were quantified by statistical analysis of 78 LC spiking from extracellular recordings ( Figure 2B, N=8 The degree of synchrony in burst waveforms was quantified as described previously (Lane et al. 100 (2016), see Methods). Briefly, we performed a cross-correlation on the digitized voltage waveforms 101 of each burst from two intracellular recordings. The coefficient of determination (R 2 ) was then used 102 to quantify how accurately the voltage of one cell predicts the voltage of the other. This provides a 103 baseline measure of synchrony for each burst and allowed us to track relative changes. 104 At the onset of serotonergic modulation (10 -6 M), there was an acute reduction in synchrony as 105 measured by R 2 . Figure 3A illustrates typical acute effects of 5HT application. Differences in voltage 106 waveforms appear between LC3 and LC5 after 5HT perfusion. R 2 values for every burst during a 107 single preparation are plotted in Figure 3B test).
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During 5HT-induced doublets, the first and second of the two bursts typically displayed distinct 119 waveform synchrony values. This can be seen from between 10-30 minutes for the preparation 120 shown in Figure 3B , in which R 2 values alternated between the upper and lower bands. The R 2 121 values for both the 1st and 2nd burst were below control (p<0.01, signed rank test), but which of 122 the two bursts in the doublet had lower R 2 values varied across preparations. 123 In stark contrast , burst waveforms for LCs in DA remained completely and strikingly synchro-124 nized ( Figure 3D ). The scatterplot in Figure 3E shows R 2 for each burst in one preparation during 125 a full 30 minutes of DA perfusion. There were no noticeable changes in synchrony during any 126 DA perfusion experiment ( Figure 3E ; 3F): there were no significant changes in R 2 from control 127 (0.964±0.026), acute DA modulation (0.966±0.025), and 30 minutes of DA modulation (0.966±0.024).
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The acute data point was sampled at 9.1 minutes to match the mean time point used for sampling 129 in 5HT.
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DA, but not 5HT, modulates coupling conductance 131 We hypothesized that modulation of electrical coupling may be responsible for the different effects 132 of 5HT and DA on LC synchrony. One possibility is that modulation with 5HT does not increase 133 the strength of electrical coupling sufficiently to prevent differential effects on cell excitability from 134 resulting in desynchronization. DA may increase coupling strength enough to ensure synchrony. 135 As an indicator of the strength of electrical coupling, we measured the coupling coefficient (see with virtually identical control activity produce different burst waveforms after application of 5HT. Bursts in 5HT occurred in doublets in most preparations (6 of 8). Scale bars = 10 mV and 1 second. B. Waveform synchrony (R 2 ) was calculated for every burst across a full experiment. Scatterplot shows consistent synchronized bursting across 10 minutes of control activity followed by 30 minutes of continuous perfusion of 5HT. An acute loss of synchrony accompanies the onset of modulation. Doublet bursting results in two distinct bands of R 2 values during 30 minutes of 5HT perfusion. C. R 2 was averaged for 10 consecutive bursts at each of 3 time points: control (5 minutes prior to perfusion), Acute (at the point R 2 reached a minimum), and after 30 minutes of modulation. A significant decrease occurred from control to acute (Signed Rank test, p<0.01), and a significant increase between acute and 30 minutes (Signed Rank test, p<0.05). Synchrony was not restored to control levels after 30 minutes (paired t-test, p< 0.05). N=8 preparations. D. Representative traces show that excitability and network output are affected by DA, but LCs remain synchronized. Scale bars = 10 mV and 1 second. E. R 2 was calculated for every burst across a full experiment. Scatterplot shows this for 10 minutes of control activity followed by 30 minutes in DA. R 2 values are largely unaffected by changes in activity caused by DA. F. R 2 was averaged for 10 consecutive bursts at each of 3 time points: control (5 minutes prior to perfusion), Acute (sampled from the same time-point as 5HT), and after 30 minutes of modulation. There were no significant differences between any two groups (paired t-tests). N=6 preparations. bursting mode seen in 5HT alone (Figure 2A, 5A) . However, this time the double-bursting pattern 167 displayed highly synchronized waveforms ( Figure 5A ). The scatterplot in Figure 5B shows R 2 for all 168 bursts across a full experiment, in this case revealing a slight increase in synchrony from baseline 169 after the onset of co-modulation and, in contrast with Figure 2B , no clear segregation of the R 2 170 values for the 1st and 2nd burst in each doublet. Overall, there was no significant difference in 171 synchrony of control (R 2 = 0.971±0.01) and acute co-modulated preparations (R 2 = 0.969±0.01; 172 Figure 5C ). However, there was a significant increase in synchrony between acute and 30 minutes 173 (R 2 = 0.983±0.006; P<0.01), suggesting a longer-term enhancement of coupling throughout the 174 experiment. 175 Overall, DA+5HT co-modulation was strongly excitatory. Characteristics of LC output were 176 affected by co-modulation ( Figure 5D ) similar to those found in 5HT alone ( Figure 2B) We hypothesize that DA may prevent desynchronization against a variety of perturbations by 184 modulating electrical coupling strength. Our previous study showed that exposing the anterior LCs 185 to the K+ channel blocker TEA produces a substantial loss of LC synchrony as well as a large increase 186 in the number of spikes per burst and spike frequency (Lane et al., 2016) . For reference, the inset 187 in Figure 6A (acute TEA, no DA) includes representative traces of TEA-induced desynchronization. 188 If DA can act broadly to maintain synchrony, then we hypothesized that DA should prevent 189 desynchronization in TEA. To test this, a barrier of petroleum jelly was built to protect the posterior 190 (pacemaking) end of the ganglion from the perfusate while leaving anterior LCs exposed (see Figure   191 1A). The anterior LCs were pre-incubated with DA for 5 minutes, and then the perfusion switched to 192 saline containing both DA and TEA. The preparations pre-incubated in DA for 5 minutes did not 193 show any loss of synchrony as a result of TEA ( Figure 6B, 6C ). Sample traces ( Figure 6A show LCs maintain synchronized voltage waveforms during co-application of DA and 5HT. 5 out of 8 preparations transitioned to bursting in doublets, and network output shows increased number of spikes per burst, spike frequency in each burst, burst duration and LC duty cycle. Scale bars = 10 mV and 1 second. B. R 2 was calculated for every burst across a full experiment. Scatterplot shows this for 10 minutes of control activity followed by 30 minutes of perfusion with both modulators. C. R 2 was averaged for 10 consecutive bursts at each of 3 time points: control (5 minutes prior to perfusion), Acute, and after 30 minutes of modulation. There was no significant difference between control and acute conditions, but a significant increase from acute to 30 minutes (paired t-test, p<0.01). N=8. D. Interburst Interval decreases sharply in 5HT alone, and in 5HT+DA (p<0.05 for each). Figure 6 . DA prevents desynchronization when co-applied with TEA. A. Representative traces for a single preparation in control, DA alone, and DA+TEA. Traces in the box at the far right illustrate acute desynchronization in TEA in the absence of DA (separate preparation). Scale bars = 10 mV and 1 second. B. R 2 was calculated for every burst across a full experiment. Scatterplot shows throughout 10 minutes of control activity followed by 5 minutes of DA exposure, followed by 30 minutes in DA and TEA. C. R 2 was averaged for 10 consecutive bursts at each of 4 time points: control (5 minutes prior to perfusion), after 5 minutes in DA, at the mean time point for desynchronization in TEA observed previously, and after 30 minutes exposure to the DA+TEA saline. No significant differences were detected across groups. N=8 preparations. determine whether modulator effects will enhance, occlude, or have distinct effects from one 266 another. Therefore, we did not anticipate that DA and 5HT would have largely complementary, and 267 perhaps even synergistic effects on the ganglion. Our data demonstrate when these modulators 268 were coapplied, the network output took on the hallmarks of 5HT modulation -including double-269 bursting of the LCs, enhanced excitability, and changes in spike frequency and bursting output -yet 270 were protected from the loss of synchronous activity that accompanies 5HT-only application. These 271 results suggest that DA and 5HT in these cells have distinct signaling pathways, subcellular targets, 272 and ultimately result in a more linear combination of modulator effects than occlusion or saturation 273 (Li et al., 2018) . It remains to be seen whether DA interacts in this fashion with other modulators, 274 including neuropeptides (Miller and Sullivan, 1981; Cruz-Bermudez and Marder, 2007) . However, 275 our results indicate that DA acts to ensure robust activity through the coordinated, synchronous 276 action of all 5 LC motor neurons. 277 Only three pairs of axons provide extrinsic innervation of the CG -one pair is dopaminergic, 278 the others are cholinergic and GABAergic (Delgado et al., 2000; Cooke, 2002) . The dopaminergic 279 fibers have many synaptic connections on anterior LCs, their neuropil (in the vicinity of the sites of 280 electrical coupling), and the posterior of the ganglion near the pacemaker cells (Fort et al., 2004) . 281 This projection pattern is well situated to provide a potential means for direct delivery of DA to the 282 CG over the immediate time scales of neuromodulator release, in addition to hormonal exposure 283 to DA, through fibers that are rapidly responsive to physiologically relevant stimuli (Maynard, 284 , 2000; Fort et al., 2004) . This would potentially 285 allow for feedback transmitted through dopaminergic fibers to rapidly "prime" the network for 286 subsequent modulation delivered hormonally, thus preventing desynchronization as a result. , 2010; Marder, 2012) . For example, 5HT increases the set 295 of intrinsic and synaptic current magnitude combinations that can give rise to specific behaviors 296 such as bursting in a half center oscillator (Grashow et al., 2009) , 2013; Marder et al., 2017) . 305 Modulation of coupling via DA may have convergent effects on such robustness across different 306 taxa, as modulation of electrical synapses by DA is known to be involved in many circuits and 307 species. DA directly modulates gap junctional conductance and network activity in horizontal cells 308 (Piccolino et al., 1984; He et al., 2000) , AII amacrine cells (Kothmann et al., 2009) LCs would be exposed to modulators. In vivo, the entire CG is exposed to both serotonin (5HT) 368 and dopamine (DA) as hormonal modulators released from the pericardial organ or other neu-369 rohormonal sites (Cooke, 2002; Fort et al., 2004; Maynard, 1953) . In addition, a pair of extrinsic 370 dopaminergic fibers innervates the CG from the thoracic ganglion and forms abundant synaptic 371 contacts in both the anterior and posterior regions of the ganglion which provides a rapid and direct 372 route for dopaminergic modulation (Cooke, 2002; Fort et al., 2004) . 
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